Abstract For hypersonic flow, it was found that the most effective plasma actuator is derived from an electromagnetic perturbation. An experimental study was performed between hypersonic flow and plasma aerodynamic actuation interaction in a hypersonic shock tunnel, in which a Mach number of 7 was reached. The plasma discharging characteristic was acquired in static flows. In a hypersonic flow, the flow field can affect the plasma discharging characteristics. DC discharging without magnetic force is unstable, and the discharge channel cannot be maintained. When there is a magnetic field, the energy consumption of the plasma source is approximately three to four times larger than that without a magnetic field, and at the same time plasma discharge can also affect the hypersonic flow field. Through schlieren pictures and pressure measurement, it was found that plasma discharging could induce shockwaves and change the total pressure and wall pressure of the flow field.
Introduction
The plasma flow control method has become a research hotspot in the international aerodynamics and thermodynamics communities [1∼7] . It has many advantages, such as a simple structure, flexible control and an excitation frequency bandwidth. For aerospace vehicles flying at a hypersonic speed, there is always a trade-off between their thermal protection and the propulsive requirement. This has motivated researchers around the world to search for technologies that minimize the propulsive requirement, thereby effectively reducing wave drag. Various methods such as retractable aerospikes, counter flowing supersonic jets, concentrated energy deposition and plasma injection from the stagnation point have been tried by different research groups to reduce wave drag at hypersonic speeds.
In recent experiments, control of a Mach 5 cylinder flow was demonstrated using a pulsed surface dielectric barrier discharge [8] . The typical pulse was of the order of 100 ns in duration and 20 kV in amplitude. Phaselocked schlieren images successfully detected the formation of shockwaves near the actuator surface. These waves propagated upstream in the shock-layer flow, altering the shape of the bow shock, and increasing the shock standoff by up to 25%. Given the close relationship between the shock standoff and gradients at the stagnation point, this system might be able to alter the heat transfer rates at the nose of the blunt body. In addition, the system is promising for general high-speed flow control applications. The University of Texas in the United States conducted boundary layer shockwave interaction studies of the pulsed plasma synthetic jet [9] . The pulse discharge frequency for the synthetic jet was 5 kHz, the discharge current 2 A, and the jet exit speed up to 250 m/s. These studies found that when actuation is used upstream of the shock, it is possible to lock the low-frequency instability movement of the shock and effectively reduce the flow pressure fluctuations near the wall. Therefore, the actuation position is the decisive parameter for the flow control effect.
Investigating the induction of shockwaves in supersonic and hypersonic flow by plasma aerodynamic actuation is an important foundation for reducing the wave drag of aircraft, controlling the thrust vector and riding the wave flight. In addition, it is also important to study supersonic and hypersonic flow affecting the discharging characteristics of plasma actuation. This paper firstly presents the hypersonic shock tunnel and high-voltage DC plasma power source. Then it reports on the plasma discharging characteristics in static flows. Finally, an experimental study of the interaction between hypersonic flow and plasma aerodynamic actuation is performed.
Experimental setup and debugging
The experimental system consists mainly of a hypersonic shock tunnel (M = 7), a set of plasma power sources and magnetic field devices, the experimental flat, parameter measurement and schlieren optical and synchronous control systems. Fig. 1 shows a sketch of the hypersonic shock tunnel, which includes a shock tube (high-pressure segment, low-pressure segment, and double film segment), a supersonic nozzle and a vacuum chamber. The steady experimental time of the high-speed airflow produced at the exit of the wind tunnel is approximately 6 ms (milliseconds). The pulsed DC power source is critical equipment, and consists of a high-voltage pulsed circuit, a highvoltage DC circuit and a feedback circuit. Fig. 2 is a sketch of the plasma power source. An Nd-Fe-B rareearth permanent magnet is used as the magnetic field generator, which is located normal to the experimental duct. The direction of the magnetic field is perpendicular to both the flow direction and the electric field direction. The magnetic field strength is about 0.4 T between two magnets. The plasma actuator consists of a pair of electrodes and the insulating dielectric. Its size is 20 mm (length) ×20 mm (width)×4 mm (height). The electrodes are made of copper, and flush-mounted on the top wall of the insulating dielectric. The diameter of the electrode is 10 mm, and the insulating dielectric is made of boronnitride (BN) ceramic. Fig. 3 shows the wind tunnel experimental duct installed with the plasma actuator, which was embedded in the insulating acrylic base.
The parameter measurement system includes pressure measurement and electrical parameter measurement systems. Due to the short stable experimental time of shock wind tunnel, the parameter measurement system should have a higher response frequency. The pressure sensor is the integrated circuits piezoelectric (ICP) sensor of PCB. It can measure the total pressure of the flow field and wall static pressure, as shown in Fig. 3 . The electrical parameter measurement system includes a DPO4104 oscilloscope, P6015A high voltage probe and TCPA300 + TCP312 current probe for measuring the voltage and current. The schlieren optical system consists of a high-speed camera and a storage computer. The high-speed camera was an Optronis high-speed camera, with a maximum frame frequency of 200 k frames per second (FPS). Since the magnitude of the stable experimental time is milliseconds, accurate synchronous control is necessary in the experiment. The synchronous control system, including impedance matching and a channel decelerator, is the control hub of the entire experimental system. The output signal of the sensor is transferred to the synchronization control system through a constant current source, and is magnified to the channel decelerator through impedance matching. The system sets an accurate delay of every experimental system and parametric test system, and carries out accurate control and parameter diagnoses for the plasma flow control experiments. Fig. 4 is a schlieren picture of the hypersonic flow field. It can acquire the experimental Mach using the aerodynamics method. The angle of the experimental ramp is 20 degrees, and the angle of the measured shock is about 28 degrees, so the nozzle exit Mach number that is computed is about 6.92, which shows that the shock tunnel can provide hypersonic flow. The experimental Mach number reaches about 7. Fig. 5 displays the pressure curve at the nozzle exit. It shows that the stable time for pressure is about 6 ms. This is also the experimental time during which the wind tunnel provides hypersonic flow. The pressure of the experimental chamber is about 200 Pa. Fig. 6 shows successive pictures of plasma discharge in static flow without a magnetic field. It is found that the discharge is sharp and the discharging area is rotund at first. With the energy consumption of capacitance, the discharge current and intensity decrease until discharging disappears. The whole discharge process is maintained for about 15 ms. Fig. 7 shows the DC characteristics in static flow without a magnetic field. This figure contains the highvoltage pulse and high-voltage DC discharge. The effect of high-voltage pulse discharge is to blow down and ionize the air, and this process is as short as 10 µs. DC discharge voltage drops instantly from 1000 V to 100 V in 15 ms, and the current is dropped from 16 A at the beginning to 0 A. After discharge, the voltage oscillation rises to about 170 V. The average power is about 0.4 kW and the energy is approximately 6.5 J. 
Hypersonic flow affecting the plasma discharging characteristics
The pressure of the experimental chamber is about 200 Pa, and the Mach number of the hypersonic flow field reaches 7. Successive pictures of plasma discharging in the hypersonic flow without a magnetic field can be seen in Fig. 8 , which shows the whole plasma discharging process. Compared with static flow, it is found that the discharging area is compressed and blows downstream. In addition, the length of discharging gets longer. When the time is 4 ms, the hypersonic flow blows out the discharging, which then continues. With the energy consumption of capacitance, the discharging current and intensity decrease until the discharge disappears. Fig.6 The plasma discharging picture at different times without a magnetic field (color online) Fig.8 The plasma discharge picture at different times in a hypersonic flow (color online) Fig. 9 shows the DC discharging characteristics in the hypersonic flow without a magnetic field. This figure contains only high-voltage DC discharge. DC discharge is divided into two intervals. In the first interval, the discharge voltage is dropped instantly from 1000 V to 100 V. Then it rises to 620 V, with a duration of 4.5 ms, and the current is dropped from 15.8 A at the beginning to 0 A. During the second interval, the discharge voltage is dropped instantly from 620 V to 50 V and is maintained at 50 V with a duration of 9.2 ms, and the current is dropped from 10.0 A at the beginning to 1.0 A. After discharge, the voltage oscillation rises to about 330 V. The average power is about 0.5 kW, and the energy is approximately 7 J. Only the discharge portion of the high-voltage DC is shown in this figure. The DC discharge sustains discharge channels to produce high-temperature, highpressure plasma. The discharge duration is 10.3 ms and the voltage drops instantly from 1000 V to 210 V, and then rises slowly to about 260 V. After discharge, the discharge oscillation rises to 390 V, and the current drops slowly from 15 A to 1 A, with an average power of about 1.7 kW and energy of 17 J. It can be concluded from the above-mentioned comparisons, that in hypersonic flow, DC discharge without magnetic force is unstable, and the discharge channel cannot be maintained. There are two main reasons for this phenomenon. The first is that the heat energy is not dissipated immediately as soon as the arc plasma is extinguished. Then, this heating effect causes breakdown in the medium to generate an arc, which relies on the action of thermal energy. Such an explanation corresponds to microseconds of time between the extinguishing and reappearance of the arc. The second reason is the strong electric field. Such an explanation corresponds to milliseconds of time between the extinguishing and reappearance of the arc. After the use of a magnetic field, the distinguishing of the arc is because the energy input has changed due to a higher stabilized voltage value of discharge, that is, the magnetic field can make the arc stable.
The maximum initial current, discharge duration times, average power and energy consumption values at 1 kV and 1.2 kV actuation voltage are shown in Table 1. The following conclusions can be drawn: with the increase in the actuation voltage, the maximum initial current, discharge duration, average power and energy consumption increase, resulting in a longer discharging region on the flat. When there is a magnetic field, the energy consumption of the power is approximately three to four times larger than that without the magnetic field. The reason for this is that the discharge phase is maintained at about 200 V with the use of magnetic field actuation, while the DC discharge is sustained at 50 V or so without the magnetic field. Thus, the application of a magnetic field actuation can provide more power, and lead to higher energy consumption.
Plasma discharge affecting the hypersonic flow field
The gas pressure at the high-pressure section of the shock tube is 10 atm, at the middle section it is 5 atm, at the low pressure section 1 atm, and the environment pressure in the vacuum chamber is 200 Pa. Fig. 12(a) is the flow field benchmark picture without actuation in hypersonic flow, from which we can clearly observe an oblique shock in front of the flat due to air viscosity. The discharging time t = 3 ms. Fig. 12(b) is the flow field with plasma aerodynamic actuation in hypersonic flows, from which we can observe the round discharge area in the static airflow that is blown to and even attached to the surfaces of the flat. When actuation is applied, a shockwave is generated due to Joule heating in the discharging area. The induced shockwave can also be found when a magnetic field is applied, as shown in Fig. 12(c) and (d) . Compared with Fig. 12(b) , the discharge area gets longer and turns upstream or downstream due to Lorentz force. The induced shockwave angle by discharging Joule heating with a magnetic field is larger than that without a magnetic field. The reason for this is that the discharge intensity is stronger with a magnetic field applied. That is to say, more energy is added to the flow field. This can also be clearly understood from the discharging characteristics. Fig. 13 is the total pressure measured by pressure sensors in the center position behind the discharging area. From the figure we can find that the total pressure decreases when plasma actuation, upwind-direction actuation are applied. The flow velocity decreases because of Joule heating and induced shockwaves. The flow velocity gets lower when upwind-direction actuation is applied, so the total pressure value is the least. The total pressure value increases when downwinddirection actuation is applied. Joule heating decreases the flow velocity, and at the same time Lorentz force accelerates the flow. So, the total pressure value increases due to integrated Joule heating and Lorentz force. With the increase in actuation voltage, the total pressure decreases, as shown in Fig. 14 . The reason for this is because joule heating is dominant. The intensity of the induced shockwave increases so that the total pressure decreases. When downwind-direction actuation is applied and the driving voltage is 1400 V, the total pressure value is lower than that without actuation. This shows that Joule heating is dominant compared with Lorentz force. Fig. 15 is wall static pressure measured by pressure sensors behind the discharging area. From the figure it can be found that the static pressure values increase when plasma actuation, upwind-direction or downwinddirection actuation are applied. The flow velocity decreases because of Joule heating and induced shockwaves. The flow velocity gets lower when upwinddirection actuation is applied, so the wall pressure value is the biggest. The wall pressure value increases when downwind-direction actuation is applied. The static pressure values increase due to integrated Joule heating and Lorentz force. With the increase in actuation voltage, the measured value of wall static pressure is increased, as shown in Fig. 16 . The reason for this is that Joule heating is dominant. The intensity of induced shockwaves increases so that the wall static pressure increases. Fig.13 The total pressure of the flow field (color online) Fig.14 The relationship between total pressure and voltage (color online) Fig.15 The wall static pressure in the flow field (color online) Fig.16 The relationship between static pressure and voltage (color online)
Conclusions
In this study, an experimental investigation is performed to find the interactive effect between hypersonic flow and plasma aerodynamic actuation. The conclusions are given as follows.
a. A plasma discharging characteristic is acquired in static flows. The discharge area is rotund, and the whole discharging process is maintained for about 15 ms. The average power is about 0.4 kW and the energy is approximately 6.5 J.
b. Hypersonic flow affects the plasma discharging characteristics. DC discharging without magnetic force is unstable in hypersonic flows, and the discharge channel cannot be maintained. When there is a magnetic field, the energy consumption of the plasma source is approximately three to four times larger than that without the magnetic field.
c. The plasma discharging characteristics affect the hypersonic flow field. It is found from the schlieren pictures and pressure measurement that plasma discharge can induce shockwaves and change the total pressure and wall pressure of the flow field.
